In this research, we have provided an overview of the climate-security nexus in the European sector through a model based scenario analysis with POLES model. The analysis underline that under stringent climate policies, Europe take advantage of a double dividend in its capacity to develop a new cleaner energy model and in lower vulnerability to potential shocks on the international energy markets.
Introduction
It is usually considered that the development of national or regional energy policies should be based on three pillars: energy security, environmental sustainability and economic competitiveness. This is particularly true for Europe, where each one of these pillars is brought forward by one dedicated institution, respectively the Directorates General for Energy and Transport, for Environment and for Competition. But this is also true for other countries or regions of the world, as the development of sound energy policies is often considered as based on trade-offs, aiming at the right balance between potentially conflicting goals. The key argument of this paper is to demonstrate that these targets may be put into convergence, according to the policy hypotheses retained at the global and regional level. In particular, the adoption and implementation of strong climate change and emission reduction policies may be considered as the most effective way to enhance energy security through a lower degree of dependence of the European energy system on fossil fuels.
In order to explore this "energy security and climate policy nexus", we use the POLES world energy model. In line with former energy foresight exercises performed at European and world level with this model, we describe a family of scenarios based on consistent sets of exogenous hypotheses on economic growth, energy resources, technology performances and climate policies. The POLES model is not a General -2 -Equilibrium Model, but a Partial Equilibrium Model aimed at describing the energy sector, within a year by year dynamic recursive simulation framework. In this paper, we describe the results of four scenarios in order to illustrate the consequences of different settings concerning climate policies on the fundamentals of the energy markets, both at global and regional level.
The first one is called Muddling Through and illustrates the consequences of relatively low intensity and non-coordinated climate policies in the different world regions. This scenario can be used as a reference case, to which stronger policy cases can be compared. The second and third cases respectively identified as Muddling Through with Europe Plus, and Europe goes Alone, describe situations in which Europe implements gradually stronger climate policies than in the mere Muddling Through case, while the rest of the world sticks to low intensity climate policies.
Finally, the Global Regime scenario illustrates the consequences of coordinated and ambitious climate policy, shared at world level.
The exercise shows that energy policies in the Muddling Through case result in a noticeable limitation of emissions compared to Business As Usual case. However the global emission level reached in 2050 far exceeds the one that is considered as reasonable in IPCC's AR4. The
Europe Alone scenario helps to show that in a world with low policy coordination there might still be strong advantages in pursuing an ambitious regional climate policy as it may considerably limit the vulnerability of Europe to events occurring in an otherwise very unstable energy world. The Global Regime case not only helps to constrain climate -3 -halshs-00661043, version 1 -18 Jan 2012 change in an acceptable range but also changes the whole picture of the world energy system in the first half of the century. In particular, the long term sustainability of the oil and gas production profile is significantly improved. Two variants are developed for this case: Global Regime with two carbon markets (GR-2M) and Global Regime with full trade for carbon (GR-FT) in order to test the consequences of a differentiated or a unified carbon emissions market.
Section 1 of this paper briefly presents the POLES model and the
Muddling Through scenario, which, although it contains some elements of emission reduction, represents a state of the world that is maybe probable, but surely not desirable from the climate change perspective. Section 2 is dedicated to the presentation of the climate policy alternative scenarios and to the comparative analysis of their results in terms of emission performances and impacts on the world and European energy system to 2050. Section 3 discusses the consequences for the international energy markets and for the energy import profiles of Europe. Section 4 translates the conclusions of this study in terms of risks and vulnerability; it also points to the double dividend that may be associated with a change in the European energy paradigm.
The POLES model and the Muddling Through projection
The Muddling Through projection provides an image of the energy scene upto 2050, resulting from the continuation of ongoing trends and structural changes in the world economy, with only low intensity and noncoordinated climate policies in the different world regions.
-4 -Through the identification of the drivers and constraints in the energy system, the model used in this exercise allows the description of the pathways for energy development, fuel supply, greenhouse gas emissions, international and end-user prices, on a year by year basis from today to 2050. The approach combines a high degree of detail in the key components of the energy systems and a strong economic consistency, as all changes in these key components are largely determined by relative price changes at sectoral level. The model identifies 47 regions for the world, with 22 energy demand sectors and about 40 energy technologiesnow including generic "high energy efficiency" end-use technologies.
Therefore, each scenario can be described as the set of economically consistent transformations of the initial Business As Usual projection that is induced by the introduction of policy constraints.
The POLES model
The POLES model is a partial equilibrium model of the world's energy system that provides a detailed year-by-year projection until 2050 (or in some studies 2100), for the different regions of the world. The model simulates the energy demand for each economic sector, the supply and prices for the primary energy sources on the international markets, and the impacts of innovation, experience effects and R&D in new and renewable energy technologies and major energy conversion systems (electricity or hydrogen-based for the longer term).
The model therefore provides a consistent framework for studying the interconnected dynamics of energy development and environmental impacts. Projections are made on the basis of exogenous economic -5 -growth and demographic projections for each region. It takes into account the resource constraints for both oil and natural gas and enables the calculation of greenhouse gas emissions from the burning of fossil fuels and, further on, of the costs (marginal and total) of reducing emissions in the various countries or regions.
It thus makes possible the simulation of various emission constraint scenarios and the identification of the consequences of introducing a carbon tax or emission quotas systems. The main limitation of this modelling system is probably that it does not account for macro-economic feedbacks. However, this also allows the production of a relatively robust estimate of the impacts of climate policies on the sole energy sector, while the macro impacts are most often taken into account in joint studies with other energy economy models such as GEM-E3 (NTUA, Athens) or IMACLIM (CIRED, Paris). 
The Muddling Through projection and the comeback of coal
The Muddling Through projection adopts exogenous forecasts for population and economic growth in the different world regions. In order to take into account the current financial and economic crisis, the latest
Muddling Through case shows a global GDP growth rate in 2009 that is 50 percent lower than in the preceding POLES projections, with a catch-up to formerly considered growth rates in 2013. This corresponds to a world GDP that is in 2015 more than 5 percent lower than considered in previous POLES energy outlooks. This might, however, still be considered as an optimistic view on the capability of recovery of the world economy in the short-medium term. Other hypotheses on world economic growth might be explored through alternative runs of the model.
The projection is based on consistent assumptions on the availability of fossil energy resources and on the costs and performances of future technologies. In this kind of scenario, a standard discount rate of 8 percent is used to simulate investment decisions in the energy sector. Figure 2 describes the dynamics of the world and European energy system, in the initial settings considered in the Muddling Through.
-7 - In many respects, however, this scenario is hardly sustainable in the long term. First of all, the level of oil production is high, peaking at slightly less than 100 Mbd in 2030 for conventional oil (Figure 3 ). This is a high level, which implies very high levels of total cumulative conventional oil production, from 900 Gbl in 2000 to 2,500 Gbl in 2050 (Figure 3 ). supposes about 3,500 Gbl of total cumulative discoveries in order to maintain a minimum level of reserves.
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-9 - The consistency of the long run oil projections of the POLES model with the taking into account of resource limits is made possible by the expected increase of recoverable resources through significantly enhanced recovery rates in the different production regions. Nevertheless, the implied hypotheses for oil production in the Gulf region seems to be extremely optimistic as it supposes more than a doubling in 2030 and beyond. This increase in Gulf oil production to more than 40 Mbd from 2030 to 2050 is probably questionable, not only from the resource and production capacity perspective, but also for reasons related to the geopolitical and internal political dimensions of the oil industry development in this region. This is why the smooth path for oil price increases that is associated with this scenario can be considered as a relatively optimistic hypothesis, although it ends at more than 100 €/bl in 2050, structurally ( Figure 5 ).
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Source: POLES model, LEPII, SECURE project
Emissions indeed double over the period considered, which would place this scenario in the very high range of the IPCC scenarios: a type VI scenario in the Table SPM .5 of AR4 (see above Table 1 ), i.e. a mean temperature increase at equilibrium between 5 and 6°C.
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Alternative Climate Policy Scenarios and Their Impacts on the International Energy Markets
Three scenarios are used in the this study in order to characterize contrasted states of the world from the perspective of the "energy security and climate policy" nexus. They allow in particular the illustration of the consequences of differentiated energy policies on the fundamentals of the world energy system.
Alternative Scenario Definition
The MT. The resulting picture is one of lower emissions in Europe than in the Muddling Through, but world emissions in 2050 are still above 51percent compared to 2000, which still corresponds to a Type IV scenario in the AR4 typology (see Table 2 ).
The third scenario, Europe Alone, supposes that Europe goes alone with a really stringent climate policy line, while the rest of the world continues on the same line as in Muddling Through. In that case it is supposed that the carbon value in the rest of the world is unchanged, while it is set in Europe at 178 €/tCO2 in 2050 (see Table 2 ). 
Scenario Results
As the Muddling Through with Europe Plus scenario is an intermediate case aimed at covering the range of policies between Muddling Through
and Europe Alone, we will leave this case aside and only provide a description of the consequences of the two most contrasted emission reduction scenarios, i.e. Europe Alone and Global Regime.
Europe Alone (EA)
This scenario aims at studying the impacts on the energy system of a strong climate policy in Europe, in spite a non-cooperative international framework with climate policies in the rest of the world that still correspond to the Muddling Through framework. In this setting, the carbon value at the end of the period is six times higher in Europe than in the rest of the world (Figure 7 ).
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Source: POLES model, LEPII, SECURE project
In this scenario, world gross inland consumption and international energy prices are hardly impacted compared to the preceding scenario, as
Europe only represents a limited and diminishing fraction of the world energy system, i.e. 9 percent of total GIEC in 2050. Europe by the end of the projection period and why the role of the electricity sector is so prominent in emission abatement policies.
Global Climate Regime (GR)
The main feature of this scenario is the introduction of a global cap on World energy consumption is reduced by about one fourth compared to the one projected in the Muddling Through. As a result, the total amount of fossil fuels (coal, oil and gas) that is consumed at world level in 2050 is 8 percent lower than the one of 2000 (Figure 11 ). Due to its relatively low carbon content, natural gas consumption in 2050 is still higher than in 2000, but coal and oil consumption are lower.
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3.
Impacts on International Energy Trade and on Europe's Energy Security
In this section, we first analyze the consequences of the different scenarios in the perspective of Europe's dependence upon the international markets and consider the corresponding value of energy imports. In the second stage, we focus on natural gas imports and analyze the profile and sources of these imports in a geopolitical perspective.
World Oil Supply and Trade
The profile of oil production is an important feature of any long-term energy scenario. Because it is easy to transport, store and use, oil has been for many decades the "swing energy source" for balancing energy supply and demand. For that reason, the price of oil often serves as a reference price for other energy sources. As discussed above, the Muddling Through projection suggests that this balancing role may become more problematic in the future, due to increasing difficulties in balancing oil demand and supply. According to the POLES simulations, the world has emerged from a 20-year period of relatively cheap and abundant oil that began after the 1986 counter-shock. In the view of many observers and more recently also of insiders of the oil industry, the oil -20 -market in the next decade may undergo successive waves of structural changes that can be summarized as follows:
In the short-term, the international market dynamics will be much influenced by the lack of surplus production capacity and by the peak in production in non-OPEC countries (a phenomenon that has been delayed in the past decade by production increases in the CIS).
In the medium-term, the critical concern will be the extension of OPEC's countries production capacities well beyond their historic maximum (i.e.
Mbd in 2008).
In the long-term, the peak in OPEC and Gulf production may constrain the global consumption of oil, even if non-conventional oil is strongly developed (as it is already in the Muddling Through case). 1 9 6 5 1 9 6 9 1 9 7 3 1 9 7 7 1 9 8 1 1 9 8 5 1 9 8 9 1 9 9 3 1 9 9 7 2 0 0 1 2 0 0 5 2 0 0 9
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The world oil production profile is hardly affected by the introduction of a strong carbon constraint in the Europe Alone case (see Figure 13 , middle row). Conventional oil production levels off between 2020 and 2030, while non conventional oil production is about 10 percent lower in 2050 than in the Muddling Through case.
The situation is, of course, very different in the Global Regime where conventional oil tops in 2020 with a strong decline after that date, while non-conventional oil hardly increases over the projection period (see Figure 13 bottom row). This is clearly the result of a "peak demand"
introduced by strong carbon constraints in all world regions. High fossil fuel prices at consumer level are very high in that case due to the price of carbon, and oil demand is significantly reduced by the development of high efficiency and low emission options in transport (electric and hydrogen vehicles). 
World Gas Supply, Trade and European Imports
One of the key concerns regarding the long-term energy security of Europe is its dependence in terms of gas supply. Natural gas is a key resource, with new perspectives introduced by non-conventional shale gas. Its environmental characteristics are rather favorable, including in the context of GHG abatement policies, as gas-based electricity has a CO2 content that is on average half of that of coal-based electricity (when nocapture and storage option is considered). Natural gas also brings flexibility and diversification of energy supply at the transformation or enduse level.
One of the key issues with natural gas supply is that of the transport infrastructure that is highly investment intensive whether in the form of gas pipelines or in terms of LNG facilities at exporting or importing points. The POLES model allows the description, with a relatively high level of detail, of the conditions of supply of the different regions of the world. It takes into account the key variables that explain the development of gas transport infrastructure, with an explicit description of the main routes and of their costs. These routes are developed endogenously, as a function of each region's demand, supply and gas market price, of the state of the reserves of the suppliers and of the transports costs, pipelines or LNG chains.
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Source: POLES model, LEPII, SECURE project
In the Muddling Through case, contrary to the oil situation, there is no peak gas before 2050, and by that date world gas production is about twice that of 2000, with 4.8 Bcm (see Figure 15) . The Gulf and CIS regions will account for an increasing share of world production in the future, as
European and North American production decreases in absolute terms. In particular, gas production in the Gulf region increases from 0.4 Bcm in 2010 to 1.9 Bcm in 2050. Again, the Europe Alone case does not introduce noticeable changes at the world level. Only in the Global Regime case is world gas production significantly impacted. However, there is still in that case, a significant increase in world gas production, from 3 Bcm in -27 -with 35 percent each of world gas production.
Inter-regional trade in gas increases considerably in the Muddling Through scenario as shown in Figure 16 , from 0.2 Gtoe today to 1.5 Gtoe in 2050.
These The picture is quite different in the Europe Alone and Global Regime cases: due to the carbon constraint, total gas demand of Western Europe is much lower after 2020 than in the two preceding cases. In 2050, it is even lower than in 2000 with about 400 Bcm in Global Regime scenario.
To a large extent, this reduction of total demand weighs on the new suppliers that would play an important role in the Muddling Through scenario, i.e. Saudi Arabia, Venezuela, Nigeria, Kazakhstan and Iran.
Imports from Russia still represent about 200 Bcm in 2050 in both scenarios.
In conclusion of this analysis of long-term natural gas supply of Europe, one has indeed to emphasize the fact that the volume of Russian exports to Europe appear to be relatively stable in the different scenarios, at least until 2040, when they reach a level of about 200 Bcm in the four cases.
Only after that date do the results differ significantly, with exports that are 30 to 40 percent higher in the Muddling Through than in the Europe Alone and Global Regime scenarios. Russia seems, however, to keep a comparative advantage in the supply of Europe in the carbon constraint cases.
World Coal Supply and Trade
In spite of resources that are more widely distributed than those of oil and gas, international coal trade doubles over the projection period in the Muddling Through (Figure 18) (Table 3 , upper row).
-33 - Finally, the Global Regime scenario illustrates a fully different future for the world energy system, with lower global fossil fuel demand and prices.
Europe's energy imports are similar in quantities compared to the Europe Alone case described above. But oil and gas prices are significantly lower and, as a consequence, the value of imports is at its lowest level: 144 G€ only in 2050, against 491 G€ in the Muddling Through scenario.
Conclusion
This scenario exercise, allows the illustration of the complex interactions of climate policies and energy security issues. They show in particular that the Muddling Through scenario, with low intensity and non-coordinated climate policy does not represent a really sustainable energy future. This is because of the double constraint that impends on the world energy system: upstream through the limitations in oil and gas availability and downstream, by the limited storage capacity of the atmosphere for GHGs.
The low carbon price does already change significantly the level of emissions through reduced demand, accelerated development of nonfossil energy sources and some development of Carbon Capture and Storage. But this is not sufficient to meet the emission targets that are -35 -considered as desirable in IPCC AR2 in order to limit average temperature increase at level of 2°C compared to the pre-industrial situation. Moreover, this scenario neither significantly alters the balance of demand or supply on the international energy markets, although it alleviates somewhat the potential tensions.
The Global Regime scenario clearly allows the improvement of the situation from these two perspectives, of reducing both emissions and the level of tension on international hydrocarbon markets, through lower oil and gas production. This is a potential double dividend situation, probably the most important one to be derived from ambitious climate policies.
Finally, the Europe Alone scenario does not meet the climate target as the impacts of ambitious policies in Europe are not sufficient to compensate for the massive global emission increases in the rest of the world.
However, in this scenario setting, there is still an element that is strongly beneficial for Europe:
1. Imposing strong emission reduction domestically results in a thorough restructuring of the European energy system.
2. While it is supposed in this scenario that other countries adopt a free-riding behaviour and do not trigger such a restructuring, it is probable that tensions on the oil and gas market would remain high, with risks of repeated shocks in the near-and long-term future.
3. In that case, Europe would be protected from these external shocks by lower energy demand, higher contribution of domestic non-fossil fuels (renewable and nuclear), and a much lower level of fossil fuel imports.
- Table 4 intends to illustrate the fundamentals of the risks associated for a country (c) to a negative event (e) and develops the risks in the three archetypal scenarios examined in this study. Of course, this raises the issue of how to develop cooperative relations with oil-and gas-exporting countries, who on their part may wish to benefit from a certain degree of security of demand. Exchanges and discussions on long-term energy scenarios  however fragile and uncertain these scenarios remain  may help in an improved mutual understanding of the goals that are pursued by both categories of countries in the development of their energy policies. In that way, scenarios can be useful tools to develop a somewhat stabilized framework for the investment decisions -37 -halshs-00661043, version 1 -18 Jan 2012 that in any case will be necessary to ensure the long-term energy supply of the different world regions.
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